The genomes of all extant cetaceans are characterized by the presence of the socalled common cetacean DNA satellite. In the mysticetes (whalebone whales) the repeat length of the satellite is 1,760 bp. In the odontocetes (toothed whales), other than the family Delphinidae, the repeat length is usually = 1,740 bp. The Delphinidae are characterized by a repeat length of N 1,580 bp. It has been shown in odontocetes that the satellite evolves in concert and that differences between species, with respect to the sequence of the satellite, correspond reasonably well to their evolutionary distances. In the present study the sequence of the satellite was determined in three repeats in each of seven mysticete species, and a consensus for each species established. Parsimony and neighbor-joining analyses based upon sequences of all repeats showed that the primary evolutionary distinction among the mysticetes is between the Balaenidae sensu strict0 (i.e., the bowhead whale and the right whale) and all remaining species, including the pygmy right whale, a species that usually has been included in the Balaenidae. The comparisons also showed that the humpback whale and the gray whale were approximately equidistant from the blue whale and the fin whale (genus Balaenoptera). Concerted evolution of the satellite was also demonstrated among the mysticetes, but it appeared to evolve more slowly in the mysticetes than in the odontocetes.
Introduction
The suborder Mysticeti (baleen whales) comprises 10 extant species that have usually been included in three families, Balaenidae (right whales, three species), Eschrichtiidae (gray whales, one species), and Balaenopteridae (rorquals, six species) (e.g., see Simpson 1945; Tomilin 1957; Hershkovitz 1966; Honacki et al. 1982; Rice 1984) . The Balaenidae have been considered to constitute a family that is distinctly separated from other mysticete families, although the position of the Eschrichtiidae has not been conclusively established. Barnes and McLeod ( 1984) , in a survey of mysticete phylogeny, argued that the pygmy right whale, Caperea marginata, which is usually included in the Balaenidae together with the bowhead whale, Balaena mysticetus, and the right whale, Eubalaena glacialis, should be transferred to a separate family, the Neobalaenidae. Barnes and McLeod ( 1984) thus supported the earlier view of Gray ( 1874 ) and Miller ( 1923 ) , with respect to the position of Caperea.
The molecular relationships of the mysticetes were recently studied (Amason and Best 199 1) in all extant mysticete species, on the basis of the characteristics and distribution of three unrelated DNA satellites (tandemly organized highly repetitive DNA). The three satellites were the common cetacean satellite, the heavy mysticete DNA satellite, and the light mysticete DNA satellite. The common cetacean satellite makes up a large portion (= 15%) of all cetacean genomes, both odontocete and mysticete, and constitutes molecular evidence for the monophyly of the order Cetacea (Arnason 1982; Arnason et al. 1984) . The heavy satellite (Amason et al. 1978 ) occurs primarily in the mysticete genomes. However, in the bowhead whale and the right whale-i.e., Balaenidae sensu strict0 (Balaenidae minus the pygmy right whale, hereafter referred to as "family Balaenidae") -its organization differs from that of all other mysticetes, including the pygmy right whale. The light satellite ( Arnason et al. 1978) is absent in the Balaenidae but occurs with a species-specific restriction/hybridization pattern in the eight other species. The study by Amason and Best ( 199 1) showed that the primary distinction within the Mysticeti is between the Balaenidae and the eight remaining species, including the pygmy right whale.
Of the three satellite DNAs mentioned above, the common cetacean satellite is the only one to occur with the same repeat length, = 1,760 bp, in all mysticete species. This makes it a plausible candidate for a phylogenetic comparison among the mysticetes. In the Odontoceti (toothed whales) sequence analyses of the satellite have provided details on various relationships, particularly among the Delphinoidea (Gretarsdottir and Amason 1992). The salient features of these analyses were that sequence differences between species were in conformity with phylogenetic distances determined by classical methods. In the study by Gretarsdottir and Amason ( 1992) it was also demonstrated that the satellite evolves in concert, at a slow evolutionary rate, and that this feature was more clearly expressed when distant taxa were compared.
The present study examined sequences of the common cetacean DNA satellite of the species listed in table 1. The analysis allowed us to study the evolution of the satellite in all extant mysticete families and permitted also a comparison with sequences of the same satellite that were previously studied in the odontocetes (Gretarsdottir and Arnason 1992 ) .
Material and Methods
The sources of DNA were the same as described elsewhere ( Arnason and Best 199 1) . DNA samples of the blue whale, the humpback whale, and gray whale were obtained from cell cultures. In the case of the humpback whale and the blue whale, the cultures were established from skin biopsies collected from free-swimming animals. In the remaining species, DNA was extracted from solid tissue, liver, or spleen.
The DNA samples were digested with X&I and were run on a preparative agarose gel. The conspicuous 1,760-bp fragment was excised, and the DNA was electroeluted. Cloning was performed in pUC, and subcloning was performed in M 13. Sequencing was performed on single-stranded DNA according to the dideoxy protocol (Sanger 198 1) . The region of the inverted repeat plus the adjacent regions on both sides were read in both directions in all clones. Remaining sequences were determined to -70%, by readings in both directions, by use of both universal primers and a collection of internal primers. From each mysticete specimen three clones were sequenced, and a consensus sequence was established with respect to both length and sequence. The odontocetes were represented by five clones of Baird's beaked whale, Berardius bairdii, and by three of the goosebeak whale, Ziphius cavirostris.
Sequences were analyzed and compared using programs (including Bestfit) of the computer program packages GCG (Deveraux et al. 1984) . Sequence data were aligned with the program TreeAlign (Hein 1990 ). The alignment obtained by the program was adjusted manually before the phylogenetic programs were applied. The adjustment eliminated 16 gaps. The aligned sequences were analyzed using both the maximum-parsimony method of the PAUP 3.0b program (Swofford 1989) and the distance-analysis neighbor-joining method (Saitou and Nei 1986) of the PHYLIP 3.4 package (Felsenstein 199 1) . Bootstrap analysis was undertaken for both methods, in order to place confidence intervals on the phylogenies. For the parsimony method, 300 replications were run by using the "heuristic" search procedure. The "tbr" (tree bisection-reconnection ) branch-swapping algorithm was used with the "simple" stepwise addition. For the neighbor-joining method, 100 replications were run. The program SEQBOOT was used to generate multiple data sets that then were analyzed with the programs DNADIST and NEIGHBOR of the PHYLIP 3.4 package.
Results
Three individual clones of the Y 1,760-bp common cetacean DNA satellite of the blue whale, together with a consensus, have been presented elsewhere (Arnason and Widegren 1989) . In the other six species the same approach was used for establishing the consensus sequence of each species. The lengths of the individual repeats and consensuses were, on average, 1,760 + 2 nucleotides. However, in the family Balaenidae there were some deviations. Thus in the bowhead whale the three repeats were 1750, 1755, and 1758 bp long, respectively, and in the right whale the length of one particular repeat was 1,770 bp because of an 1 1-bp insertion of the sequence AAAAAAAAACC. These 11 bp were excluded from the subsequent analysis.
The results of the repeat comparisons are presented in table 2. The comparisons showed that differences within species were generally less than those between species. However, in the comparisons of the blue whale and the fin whale versus the bowhead whale and the right whale, the differences within species were at a level similar to that between species. The greatest species differences occurred in comparisons of the bowhead whale and the right whale (family Balaenidae) versus any of the five other species.
The consensuses of the seven species were aligned using the TreeAlign program (Hein 1990 ) , in order to determine a mysticete consensus of the repeat. The alignment of the different consensus sequences is presented in figure 1 , together with the mysticete consensus. The length of the mysticete consensus was 1,760 bp. The insert in the deviating right whale repeat, mentioned above, starts at position 1683. Among the mysticete consensuses, the greatest differences occurred between the Balaenidae and any of the five other species. The range of this difference was 6.2%-8.8%. The differences between the mysticetes and one odontocete species, Baird's beaked whale (Berardius bairdii) , were within a narrow range, 17.0%-18.4%.
A survey of the consensus sequences in figure 1 shows that one particular region, positions 723-794, is almost totally conserved among all species. This region, which is also virtually identical between different repeats of each species, is characterized by complete intrastrand complementarity. The midpoint of the region has the sequence AATATATT. The dyad,symmetry structure of the region has been described in odontocetes, by Widegren et al. ( 1985) .
To assess in more detail the evolution of the common cetacean satellite, we based the following analyses upon the 2 1 individual mysticete repeats, three for each species, rather than on the different consensus sequences. The relationships among the repeats were investigated by both the parsimony and the neighbor-joining analyses. Repeats from two toothed whales, the Baird's beaked whale, and the goosebeak whale (Ziphius cavirostris) were also included as outgroups in the analyses. The two toothed whales belong to different genera of the family Ziphiidae, the beaked whales. The inclusion of the two ziphiid species made it possible to compare the degree of difference between two toothed whale genera with that of different mysticete genera and families. The results of the phylogenetic analyses are shown in figure 2. In both analyses, all repeats from each of the more distant species (gray whale, humpback whale, pygmy right 1.9-4.3 3.5-5.0 6.5-7.9 5.5-8.3 6.9-9.4 8.4-10.4 8.9-10.3 Blue 2.8-4.7 7.1-7.9 6.2-8.6 7.7-9.6 9.2-10.5 9.4-10.5 Gray 1.2-3.8 5.7-7.8 7.4-9.5 7.4-10.2 9.3-10.5 Humpback 3.2-4.6 6.4-9.7 7.6-10.9 8.3-10.8 Qgmy right
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NOTE.--The clones were compared using the BESTHT program (GCG) ' Positions with concerted changes are those at which none of the repeats in one species has any of the nucleotides present in the homologous position of the other species.
whale, and the two odontocetes) clustered together. Among species more closely related, one blue whale clone joined the clones of the congeneric fin whale, and a similar case arose among the right whales (family Balaenidae) .
In both the parsimony and the neighbor-joining analyses the Balaenidae were clearly separated from the remaining five mysticete species, including the pygmy right whale. Among these five species, the pygmy right whale separated from the others in both instances, but the relationship among the humpback whale, the gray whale, and the balaenopterids was not unequivocally resolved.
The tree in figure 2a required 1,705 nucleotide substitutions, by DNAMOVE (PHYLIP 3.4). An arrangement that placed the humpback whale closest to the balaenopterids required 1,708 substitutions. An inclusion of the pygmy right whale together with the right whales required 1,72 1 substitutions.
Transversions constituted 62% of all nucleotide differences, in both close and distant relationships. This figure is very close to the expected 2 : 1 transversion : transition ratio when mutations occur at random. This indicates that transitional and transversional changes occur in about the same frequency in the common cetacean DNA satellite. The observations are consistent with the findings of Strachan et al. ( 1985) , suggesting that there are no particular mutational constraints at each nucleotide position.
The occurrence of concerted evolution in the common cetacean satellite was recently demonstrated in odontocetes (Grttarsdbttir and irnason 1992) . In the present analysis the same pattern as in the odontocetes was observed; that is individual repeats had a higher degree of conformity within species than between different species (table 2) . However, when closely related species were compared, the conformity between repeats was similar or could exceed that of individual repeats within a species.
To examine the evolutionary pattern of the common cetacean satellite among the mysticetes, we used a variant of the procedure of Strachan et al. ( 1985) to assess the degree of possible concerted evolution-namely, counting the number of concerted positions, positions at which none of the repeats in species 1 has any of the nucleotides present in the homologous position in species 2. Between the most closely related species-the blue whale and the fin whale-there are only a few concerted positions (0.15%), but, with increasing separation time, the proportion of concerted positions increased (table 3) . Thus the corresponding figure for the blue whale and the right whale, which separated x20 Mya (Barnes 1984; Barnes et al. 1985) , was 3.8%. Between the blue whale and the Baird's beaked whale, representatives of the suborders Mysticeti and Odontoceti, the figure was 17.7%. The two suborders separated 240 Mya.
Although the within-species differences of the blue-whale repeats and fin-whale repeats were not in all cases less than those between the two species, there is no reason to suspect that concerted evolution has not occurred or to believe that the result is anything but what is necessarily true if the speciation event is recent enough. Nevertheless, the number of completely turned over (concerted) positions between the two species is 1.5 X 10m3/site. On the other hand, because the average distance between the fin whale and the blue whale is 0.04 differences/site, the probability of observing a concerted position is 2(0.04)3, or roughly 1.3 X 10m4 concerted positions/site, when three repeats of each species are included in the analysis. The number of expected and observed instances of concerted positions is too small to be reliable but does imply that concerted evolution is probably in progress in these two species.
Discussion
Earlier analyses based upon molecular hybridizations using three different highly repetitive DNA components as probes (Amason and Best 199 1) have shown that the primary distinction among the mysticetes is between the family Balaenidaei.e., right whales sensu stricto-and the eight remaining species, including the pygmy right whale. The present results, based upon 2 1 mysticete sequences of the common cetacean DNA satellite in seven species representing all extant families, are consistent with this view. These findings are supported by the Bestfit results and phylogenetic comparisons based upon both the parsimony and the neighbor-joining analyses. The results also showed that the gray whale, the balaenopterid (the fin whale and the blue whale), the humpback whale, and the pygmy right whale constitute a common branch, but the relationships among these lineages could not be resolved. This position of the gray whale, distant from the Balaenidae, is consistent with the findings of Arnason and Best ( 199 1) . The humpback whale-genus Megaptera-and the genus Balaenoptera constitute the family Balaenopteridae. The sequence analysis, however, did not show any greater affinities between the humpback whale and the balaenopterids than between the gray whale and genus Balaenoptera. These findings, although somewhat unexpected from the systematic point of view, concur with comparisons based upon the control region of mitochondrial DNA of the species in question ( Arnason et al., submitted) . Another finding that emerged from the present comparisons was that the differences between the two confamilial beaked whales ( 11.8%-13.3%) were greater than the differences between different mysticete families (e.g., fin/right differences were 8.4%-10.4%) and that observed branch lengths were shorter between any mysticetes than between the two beaked whales ( fig. 2) . Provided that present generic and familial definitions in the mysticetes and the beaked whales reflect phylogeny, this observation suggests that the substitution rate in the common cetacean satellite is lower in the mysticetes than in the beaked whales.
The datings of different evolutionary divergencies among the mysticetes are somewhat uncertain, but comparisons between the complete mitochondrial DNA molecules of the blue whale and the fin whale suggest that the two species separated = 5 Mya (Amason and Gullberg, accepted). Comparisons between the stable portion of the mitochondrial control regions of the blue whale and the fin whale versus those of the bowhead whale and the right whale show that the difference between the balaenopterids and the right whales is -3.4 times the difference between the blue whale and the fin whale ( Arnason et al., submitted) . The findings suggest that the evolutionary lineages of the right whales and the remaining mysticetes separated = 17 Mya. This dating, although preliminary, concurs reasonably well with the ~20 Mya dating obtained by classical approaches (Barnes 1984; Barnes et al. 1985 ) .
The common cetacean DNA satellite has been shown to evolve in concert at a slow rate among different odontocete lineages (Gretarsdbttir and Amason 1992) . The same observations were made in the mysticetes. However, among the mysticetes, the satellite appeared to homogenize at a slower rate than it did among the odontocetes. The degree of complete and extended turnover between repeats of the two odontocete species-the killer whale (Orca orcu) and Baird's beaked whale (Gretarsdottir and Arnason 1992)-was much higher ( 14%) than that between the blue whale and the right whale (3.8%). Provided that the dating of the evolutionary separation for each species pair ( 2 16 Mya for the two odontocetes and 17-20 Mya for the right whale and the blue whale) is correct, the rate at which completely turned over (concerted) positions are produced is nearly four times greater in the two odontocete species than in the mysticetes. Dover ( 1982 Dover ( , 1986 has suggested that population size, repeat-family size, and nonreciprocal transfer-rate differences could account for such anomalies in the turnover rate. Our findings have shown that the process of concerted evolution in the common cetacean satellite is slower in the mysticetes than in the odontocetes. It is, however, not possible to decide whether Dover's ( 1982 Dover's ( , 1986 suggestions are the sole explanation for the observed differences in the rate of concerted evolution in the two cetacean lineages. If, as inferred from our findings, the substitution rate is generally higher in the odontocetes than in the mysticetes, then this may well account for a major part of the observed difference in the rate of evolution in the common cetacean satellite of the two lineages. FIG. 2.-Phylogenetic relationships between individual clones of the common cetacean DNA satellite from the fin, blue, humpback, gray, pygmy right, right, and bowhead whales. Unrooted trees inferred after (a) 300 replications of maximum parsimony analysis (by PAUP 3.0b) (the overall length of this tree is 1,580 nucleotide substitutions, and the consistency index is 0.816) and (b) 100 replications of neighborjoining analysis (by NEIGHBOR, Saitou and Nei 1986). Branch lengths are proportional to estimated number of changes. Scale bars indicate number of nucleotide substitutions. Branches marked with an asterisk indicate that the descending clones were identified in 295% of the bootstrap trials.
